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It is well known that substrate stretching reorganizes the actin cytoskeleton of an adherent cell. Experiments have
proved that the stress ﬁbers are reoriented into one or two distinct directions. It is further pointed out that reorientation
of the stress ﬁbers phenomena are observed with quite high strains, where linear elasticity theory is not valid. Therefore,
the existing linear theories for mechanics interpretation of those phenomena are not satisfactory. The experimental evi-
dence of the existence of two distinct directions of the reorientation indicates a co-existence of phases non-linear elastic
phenomenon. Further that observation is quite strong evidence that the strain energy density function should be non-con-
vex. The reorganization of the stress ﬁbers under uniaxial substrate stretching is studied as a non-linear elastic stability
problem. Adapting the global (Maxwell’s) criterion for stability, various phenomena, concerning the reorientation of
the stress ﬁbers, are interpreted into the context of ﬁnite elasticity. The experiments demonstrate co-existence of phases
phenomena that are justiﬁed in the present study. The inﬂuence of various factors like contractility and extracellular
stretching is demonstrated. Furthermore, the non-convexity factor is attributed to the inﬂuence of the small GTPase
Rho regulating the formation of the actin stress ﬁbers. The predominant ﬁnal stress ﬁbers placement that is transverse
to the extracellular stress direction and appears in long time after the co-existence of phases placement is also justiﬁed.
 2007 Elsevier Ltd. All rights reserved.
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convention1. Introduction
There exists experimental evidence that adherent cells change their orientation to substrate stretching. This is a
mechanochemical process involving a mechanical stretching signal and cytoskeletal remodeling, directly aﬀect-
ing various functions of living cells, like growth, diﬀerentiation, apoptosis, motility etc. The cell orientation0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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1996; Neidlinger-Wilke et al., 2001; Takemasa et al., 1997; Wang et al., 2001; Wang et al., 2002). The actin cyto-
skeleton, composed by the actin ﬁlaments and stress-ﬁbers, constantly disassembles and re-assembles, under
stretching of the substrate. In fact stress-ﬁbers, bundles of actin ﬁlaments, are directed along the long axis of
the cells. Experimental evidence demonstrates that the stress-ﬁbers orient away from the direction of the maxi-
mum extracellular stretching (Takemasa et al., 1997). Nevertheless, reduced contractility leads to stress-ﬁbers
reorientation closer to substrate stretching (Wang et al., 2001). Kaunas et al. (2005) have demonstrated the con-
tribution of the smallGTPaseRho in the development andorientation of the stress-ﬁbers. In fact inhibition of the
Rho, Rho-Kinasse and mDia suppressed stress ﬁbers formation, but ﬁbers appeared after 10% strain, (Kaunas
et al., 2005). It is further experimentally proved that the stress ﬁbers in cells with Rho inhibition oriented parallel
to the stretch direction. On the contrary, the stress ﬁbers direction in normal cells is predominately perpendicular
to the external stretch direction. Further in cells with normal Rho activity, the extend of the perpendicular ori-
entation depended upon the magnitude of the stretch (Kaunas et al., 2005).
Although bioengineers have been interested in the topic for a long time, the existing mathematical models are
not adequate to satisfy the contemporary precision requirements of mechanics. In fact Wang et al. (2001, 2002)
have performed excellent experiments exhibiting reorientation phenomena of the stress-ﬁbers under substrate
stretching. Furthermore, Wang et al. (2001) have presented a linear elasticity theory with ad hoc assumptions
dealing for the disassembly and re-assembly of the stress-ﬁbers. Bischofs and Schwarz (2003, 2004), Butler
et al. (2002) have presented studies for the reorientation of the cells, using elastic dipoles in the context of linear
elasticity. In addition Stamenoric (2005) has proposed the contractile Torque as a steeringmechanism.Neverthe-
less, linear elasticity theory is inadequate to treat problemswith high strains. It is well known that linear elasticity
is considered as a small perturbation of ﬁnite elasticity around the unstressed placement (placement at ease), see
Truesdell (1977). Therefore, strains of the order of 10%–110%, involved in the present problem, may not be
involved in the context of linear elasticity. In additionWang et al. (2001) proposal considers that the extracellular
stretching tends to inﬁnity with the linear elasticity assumptions remaining valid. However, the experimental evi-
dence ofTakemasa et al. (1997) andWang et al. (2001), especially pp. 1569, seeFig. 7, indicates the co-existence of
twodistinct directions (phases) under the same stretching.That phenomenondemands not only non-linear elastic
consideration, but also non-convexity of the strain energy density function of the stress ﬁbers.Thephenomenon is
well known in solids, especially in the twinning of crystals, Pitteri and Zanzotto (2003), Ericksen (1991). Hence,
the assumption of the non-convexity strain energy density function of the stress ﬁbers is not a farfetched assump-
tion but it is imposed by the experimental evidence and physical reasons. The type of the non-convex function, of
course, may not be described by the theoretical procedure. However, the non-convexity observation triggers
experimental work in that direction.
Lazopoulos and Stamenovic (2006a) have already presented a seminal model for the cell reorientation
under uniaxial strain, accepting large deformations based upon the ﬁnite elasticity principles. The basic idea
was that the cell, under substrate stretching, selected the placement with the minimum potential energy. Nev-
ertheless, that work was concerned with homogeneous deformations of cells, using a non-convex Mooney–
Rivlin type strain energy density for the plane strain problem. Although the stress ﬁbers are developed inside
the cells and reoriented in the long axis of the cells, in many cases the phenomenon of the co-existence of
phases in the stress ﬁbers appears into the same cell too (Takemasa et al., 1997). Hence the study of the cell
reorientation adopting the homogeneous deformation assumption, Lazopoulos and Stamenovic (2006a) does
not include these cases. Furthermore, the study of a stress ﬁber, instead of a plane deformable cell, is math-
ematically more accurate and more handy, revealing new interesting results. Apart from the clear description
of the mechanism governing the behavior of the stress ﬁbers, the ﬁnal predominant state, that is transverse to
the extracellular stretching direction, is exhibited as a limiting co-existence of phases placement, when the
extracellular stretching or the non-convexity factor of the strain energy density increases. Therefore, the study
of the stress ﬁbers separately is of high interest.
In the present work, the reorganization of the stress-ﬁbers under extracellular uniaxial stretching is studied.
The stress-ﬁbers are disassembled under substrate stretching and re-assembled in the direction of the least
potential energy. There already exist studies explaining the molecular structure of stress-ﬁbers, their develop-
ment and their adhesion to the extracellular substrate. Langanger et al. (1986) describe how actin, a-actinin,
ﬁlamin and myosin bipolar ﬁlament are interconnected to construct stress-ﬁbers. The present model is
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similar to the microstructural changing models introduced by Rajagopal and Wineman (1992) with polymeric
scission. In fact the number of disorganized and reorganized stress ﬁbers is the same. The properties, like the
pre-strain and the strain energy density, are the same. However, the critical condition in the present case may
not be of threshold type, but a sound global stability criterion, just to yield the co-existence of phases phenom-
enon, exhibited in the experiments. Adopting non-convex strain energy density andMaxwell’s (global) criterion
for stability, instead of a threshold criterion, see Ericksen (1991), Pitteri and Zanzotto (2003), Gilmore (1981),
the stress-ﬁber is simpliﬁed as a homogeneously contractile deformable string, reoriented under extracellular
stretching, towards a direction globally minimizing its total potential energy. In fact the reorientation is eﬀected
through the disassembly of the stress ﬁber and re-assembly in a new direction. Therefore, an explicit rule for the
re-assembly of the stress-ﬁber is proposed that is also a widely accepted principle in mechanics, expressing the
global stability criterion for the equilibrium conﬁgurations. The model predicts that the degree of cell reorien-
tation depends on the magnitude of the applied substrate stretching, on the state of cell contractility and the
non-convexity factor of the strain energy density, representing the inﬂuence of the small GTPase Rho. Since
in fact we study elastic strings, the mathematical analysis in the present problem is quite detailed.
The present model has already been presented in the 5th world congress in Biomechanics Lazopoulos and
Stamenovic (2006b).
2. The proposed model
The stress-ﬁber is considered as an extended string adherent to the substrate, Fig. 1.The focal adhesions are the
supports of the string transferring the forces to the substrate. Themechanism of contractility induces focal adhe-
sion and stress-ﬁber formation functions as follows: Integrins are the bridges transferring the forces from the
stress-ﬁbers to the extracellular matrix, see Fig. 2, (Chrzanowska-Wodnicka and Burridge, 1996). In quiescentFig. 1. The stress-ﬁber and its supports.
Fig. 2. The stress-ﬁber and its components.
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they are dispersed. Inside the cell, the integrins are attached to actin ﬁlaments through some proteins. Neverthe-
less, the ﬁlaments are not bundled but they form a loose network.With the activation ofRho, phosphorylation of
themyosin light chain takes place, resulting in change inmyosin, myosin assembly and an active interaction with
actin. The generation of tension aligns the actin ﬁlaments and aggregates integrins.
Furthermore, the stress ﬁber probes for the least total potential energy. Indeed, there exist a polymeric
microstructural scission procedure, where the stress ﬁber probes for the least total potential energy with
respect to all directions. In the case there exist a direction with less total potential energy, the stress ﬁber dis-
assembles and re-assembles in the latter direction. In fact the present procedure looks like a modiﬁcation of
the polymeric scission theory (Rajagopal and Wineman, 1992), just to include the co-existence of phases phe-
nomena that are exhibited in the present problem. In some way Wang et al. (2001) model assumes the same.
However the present model is not only valid to large deformations, but also proposes a mechanism for the
reassembly of the stress-ﬁbers, based upon the widely accepted energy principle. Indeed, the stress-ﬁber is con-
sidered as an elastic string reorganized in the direction with the minimum total potential energy.
Let us consider a stress ﬁber adherent on the substrate with zero extracellular stretching. The stress ﬁber is
originally directed along the X1 axis of the co-ordinate system X1, X2 (Fig. 3). The stress ﬁber is prestressed
with its deformation prescribed by the deformation gradient F0F0 ¼ 1þ g
0 0
0 1
 
ð1Þwhere g0 denotes the displacement gradient due to prestress along the stress ﬁber. Furthermore, uniaxial stretch-
ing of the substrate in the direction b is superimposed to the prestressed stress ﬁber (Fig. 3). The deformation gra-
dient of the superimposed uniaxial deformation, with reference to the initial coordinate system, is deﬁned by,Fb ¼ RTb
1þ gb 0
0 1
 
Rb ð2Þwhere, gb is the displacement gradient along the b direction due to the extracellular stretching and Rb is the
rotation matrix of the coordinate system by an angle b,Rb ¼
cos b sin b
 sin b cos b
 
ð3Þand ()T denoting the transpose matrix. Hence, the total deformation gradient of the stress ﬁber is deﬁned by,F ¼ FbF0: ð4ÞFig. 3. The geometry of the initial placement of the stress ﬁber and the extracellular stretching.
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the angle ~# with respect to axis X1. At this current placement the stress ﬁber acquires the (global) minimum
potential energy. Hence, the reference placement of the stress ﬁber has changed; in fact it has been rotated
through an angle # which is unknown, see Fig. 4. Since the prestress is a property imbedded in the stress ﬁber,
the deformation gradient due to the prestress of the stress ﬁber in the #direction is deﬁned by,F# ¼ RT#
1þ g0 0
0 1
 
R# ð5Þwhere, the rotation matrix R# is deﬁned similarly to Rb, Eq. (3). In this case the total deformation gradient due
to the superimposed extracellular stretching in the bdirection and the prestress in the stress ﬁber in the #direc-
tion is deﬁned by,F ¼ FbF#: ð6Þ
The stress ﬁber should acquire the minimum total potential energy with respect to all directions #. Since
reorganization is observed at high extracellular strains (i.e.10%–110% ), ﬁnite elasticity procedures and meth-
ods will be followed. Let us recall that stress-ﬁbers are reoriented not only in a direction perpendicular to the
uniaxial extracellular stretching, but they align to the direction of the extracellular stretching as well; they
sometimes exhibit two distinct oblique directions (Fig. 5). It is clear the presence of the non-linear elasticFig. 4. The reoriented reference placement of the stress ﬁber.
Fig. 5. The coexistence of phases of the stress-ﬁbers.
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(Ericksen, 1991; Pitteri and Zanzotto, 2003. Those phenomena suggest the existence of non-convex strain
energy density functions of the non-linear (Lagrangean) strain. Therefore, the assumption of the non-convex
strain energy density function is not simple guessing, but an assumption dictated by the experimental evidence.
Further, globally stable criteria will be adopted. These criteria justify the coexistence of phases phenomena
observed in the experiments (Neidlinger-Wilke et al., 2001; Takemasa et al., 1997).3. The equilibrium placements of the stress-ﬁbers
Let us consider a plane elastic body in its unstressed (at ease) reference placement, Ogden (1997). The mate-
rial point R = (X1,X2) takes the current placement r = (x1(X1,X2),x2(X1 ,X2)) under homogeneous deforma-
tion. The deformation gradient is deﬁned by,F ¼
ox1
oX 1
ox1
oX 2
ox2
oX 1
ox2
oX 2
" #
: ð7ÞHence, the Cauchy–Green right deformation tensor is given by,C ¼ FTF; ð8Þ
and the Lagrangian strain tensor E is deﬁned by,E ¼ 1
2
ðC IÞ ¼ e11 e12
e21 e22
 
: ð9ÞConsider the prestressed stress-ﬁber, initially oriented along the X1 direction; the stress ﬁber disassembles
after the application of the extracellular stretching, and re-assembles in a direction forming an angle ~# with the
axis X1 (Fig. 6). It is assumed that the stress ﬁbers are not lost. They are created in a new direction. In this
transplacement, the stress acquires the minimum of the total potential energy. It is evident that this current
placement corresponds to some new reference placement described by an angle #, see Fig. 6 . The unit vector
g along this direction is deﬁned by,g ¼ cos# sin#½ T: ð10ÞThen, if ds denotes the deformed length of the initial length dS along the stress ﬁber,Fig. 6. The current and initial placements of the stress ﬁber.
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dS
¼ ðgT  CgÞ1=2 ð11Þand the displacement gradient along the stress ﬁber is equal to,us ¼ du
dS
¼ ds
dS
 1: ð12ÞLikewise, the Lagrangean strain e along the stress ﬁber is equal to,e ¼ ðgT  EgÞ1=2: ð13Þ
Performing the computations with the help of Mathematica computerized algebra pack (Wolfram, 1996), the
displacement gradient of the stress ﬁber is deﬁned by,us ¼ 1þ 1ﬃﬃﬃ
2
p ð1þ g0Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2þ 2gb þ ðgbÞ2 þ gbð2þ gbÞ cosð2ðb hÞÞÞ
q
: ð14ÞLet us recall that the Lagrangean strain e is deﬁned by,e ¼ us þ 12u2s : ð15Þ
It has already been pointed out that the strain energy density of the stress ﬁbers should be a non-convex func-
tion of the strain, because phenomena similar to the co-existence of phases have experimentally been proved.
Let us consider a ﬁber with the simplest non-convex strain energy per unit initial length equal to,W ¼ c1e2  c2e4 þ c3e6: ð16Þ
with c1, c2, c3 > 0. The strain energy density is objective, since it depends only upon the right Cauchy–Green
deformation tensor. The strain energy density W is non-convex and c2/c1 denotes the non-convexity factor
corresponding to the contribution of the Rho. It is evident that the strain energy density function, Eq.
(16), may be transformed to a function of the displacement gradient us due to Eq. (15). Hence the ﬁrst Pio-
la–Kirchhoﬀ stress along the axis of the ﬁber is deﬁned by,T ¼ oW
ous
¼ c1ð1þ usÞð1þ ð1þ usÞ2Þ  12c2ð1þ usÞð1þ ð1þ usÞ2Þ3 þ 316c3ð1þ usÞð1þ ð1þ usÞ2Þ5:
ð17ÞLet us recall that the length of the reorganized ﬁbers is the same as the one of the disorganized ones. Without
loosing the generality we may consider unit length of the stress ﬁbers. Thus, the total potential of the unit
length stress ﬁber is deﬁned by,V ¼ W Tus ¼  164u2s ð2þ usÞð16c1ð2þ 3usÞ þ u2s ð2þ usÞ2ð4c2ð6þ 7usÞÞ þ c3u2s ð2þ usÞ2ð10þ 11usÞÞ:
ð18ÞRecall that Eq. (18) becomes a function of the pre-strain displacement gradient g0, the extracellular uniaxial
displacement gradient gb and the diﬀerence b-# of the angles of the reoriented initial placement direction of the
stress ﬁber from the direction of the uniaxial extracellular stretching.
The equilibrium equation is expressed by the minimum of the potential V with the necessary condition,oV
o#
¼ 0: ð19ÞFurther, the stability of the solution demands that,o2V
o#2
> 0: ð20ÞLet us point out that performing the algebra,oV
o#
¼ oV
ous
ous
o cosð2ðb hÞÞ sinð2ðb #ÞÞ ¼ Gðg
0; gb; b #Þ sinð2ðb #ÞÞ ¼ 0: ð21Þ
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2
: ð22ÞThe ﬁrst solution aligns the reoriented initial placement of the stress ﬁber with the direction of the extracellular
stretching, whereas the second to the perpendicular to the extracellular stretching. It is evident that those equi-
librium solutions are valid whenever,Gðg0; gb; c2=c1; c3=c1; b #Þ 6¼ 0 ð23Þ
for any #. However, whenGðg0; gb; c2=c1; c3=c1; b #Þ ¼ 0 ð24Þ
withcosð2ðb #ÞÞ ¼ c and jcj 6 1 ð25Þ
there exist two solutions,# ¼ b arccos c
2
ð26Þsymmetrically oriented to the direction of the extracellular stretching.
It is clear that c depends upon the parameters of the problem, that are the initial pre-stress displacement
gradient g0, the displacement gradient of the superposed deformation gb and non-convexity factor c2/c1
and the c3/c1 as well (c = c(g
0,gb,c2/c1, c3/c1)).
4. Globally stable equilibrium placements
According to the analysis presented in the former chapter, there exist many equilibrium placements of a
stress-ﬁber under substrate stretching and some of them should be stable. Stability of equilibrium analysis
requires the explicit stability criteria deﬁnition for the present problem. However, stability criteria come
out from the adopted stability convention. In fact there exist two distinct stability conventions (see Gilmore,
1981). The one is the local (delay) convention and the other is the global (Maxwell) convention. Speciﬁcally,
Delay Convention. The system state remains in a stable or metastable equilibrium state until the state dis-
appears (Fig. 7a).
Maxwell Convention. The system state is the one that globally minimizes the potential (Fig. 7b).
Nevertheless, the question is which convention should be adopted. It is up to the researcher to decide. There
are some phenomena guiding the scientist to the proper stability convention. Indeed, the existence of hysteresis
guides to the adoption of the local (delay) convention, however the phenomena of coexistence of phases guide
to Maxwell’s convention. The experimental evidence for the stress-ﬁbers assures coexistence of phases phe-
nomena (Takemasa et al., 1997). Hence Maxwell’s convention for stability is adopted for the present problem.
The solutions given by Eqs. (22) and (25) are mutually exclusive in the sense that for a speciﬁc set of param-
eters (g0,gb,c2/c1,c3/c1) either Eq. (22) or Eq. (25) yields the global minimum of the total potential. StudyingFig. 7. Potential Surfaces with the system clarifying. (a) The Delay (local) convention. (b) Maxwell’s (global) convention.
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of the pre-strain g0 and the displacement gradient gb along the stress ﬁber, promote the stability of the solution
# = b. Just describing the evolution of the various equilibrium placements, the stress ﬁbers are collinear to the
direction of the extracellular stretching (b = h) when the values of their parameters are low. In that case
G(g0,gb,c2/c1,c3/c1 ,0)<0. In the critical state when G(g
0, gb,c2 /c1,c3 /c1,0) = 0, the phenomenon of the coex-
istence of phases will be shown up. In Fig. 8 the initial points (low boundary) of the evolution of the coexis-
tence of phases have been drawn for various values of the pre-strain g0. The co-existence of phases region is
extended to the right of each curve. Likewise, the region with the stress ﬁber aligning to the direction of the
extracellular stretch is deﬁned to the left of each curve. The higher the pre-strain is, the lower the non-convex-
ity parameter is needed for the critical curves, indicating the contribution of the GTPase Rho. Increasing the
extracellular stretching, the phenomenon of the co-existence of phases for the stress ﬁbers is still present, since
G(g0,gb,c2/c1,c3/c1,b#) = 0 with b diﬀerent from h. The diﬀerence of the two angles (b  h) will absolutely
increase, until the direction b of the extracellular stretching and the direction of the new initial placement of
the stress ﬁber, deﬁned by h, become perpendicular. This placement is the limiting placement of the co-exis-
tence of phases of the stress ﬁbers when the extracellular stretching or (and) the non-convex coeﬃcient
increases.
At this point we may interpret the fact that the ﬁnal equilibrium placement of the stress ﬁber, in long time,
is transverse to the extracellular stretch direction. Wang et al. (2001) have experimentally proved that the
phenomenon of the co-existence of phases of the stress ﬁbers is not permanent but intermediate. Indeed,
considering a co-existence of phases of the stress ﬁbers placement with G(g0,gb,c2 /c1,c3/c1,bh) = 0 for some
non-convexity parameter c2/c1 and assuming that the coeﬃcient c1 decreases with time, the non-convexity
parameter c2/c1 increases, so that the two phases coincide in the limiting placement that is transverse to the
extracellular stretch direction. In that placement the two phases disappear and one only stress ﬁber direction
appears, perpendicular to the extracellular stretching.
Furthermore, the kind of the non-convexity of the strain energy density has its own contribution into the
problem. In fact if the non-convexity is strong then the co-existence of phases placements are exhibited with
less extracellular strain. Of course the non-convexity of the strain energy density depends upon the coeﬃcients
ci, i = 1, 2, 3. Since the ratio c2/c1 greatly contributes to the non-convexity of the strain energy density, this
ratio will be called non-convexity factor . Higher values of the non-convexity ratio promote the limiting solu-
tion # ¼ bþ p
2
, whereas low values of this ratio promote the solution # = b. In fact the non-convexity factor is
related to the inﬂuence of Rho. The case with c2/c1 = 0 corresponds to the inhibition of Rho, while with
c2/c1 > 0 Rho is activated. Let us point out that experiments have proved that activation of Rho reorients
the stress-ﬁbers in a transverse direction to the extracellular strain, whereas inhibition of Rho drives the
stress-ﬁbers in the direction of the extracellular stretching, Kaunas et al. (2005).Fig. 8. The boundary for the coexistence of phases region.
Fig. 9. Summary of the reorientation of the stress-ﬁbers.
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density. The only restriction would be the non-convexity of the strain energy density function. However the
adopted strain energy density is of the simplest non-convex ones.
In the case of a group of ﬁbers adherent to the substrate, (possibly included into a cytoskeleton) the present
analysis proves that the stress-ﬁbers with weak Lagrangean strain, that depends upon the contractile pre-
strain, extracellular strain and small non-convexity parameter (inhibition of Rho), will be directed towards
the direction of the uniaxial extracellular stretching, whereas in the case of strong contractile pre-strain, extra-
cellular strain and activation of Rho, the ﬁbers will be directed towards the transverse to the direction of the
extracellular uniaxial stretch (see Fig. 9).
5. Applications
We consider the case with the displacement gradient due to pre-strain g0 = 0.04, the displacement gradient
due to extracellular stretching gb = 0.06, the coeﬃcient c2 = 10 and the coeﬃcient c1 = 1 and c3=1. Computing
the total potential energy V, Eq. (18), we get for the equilibrium placement # = bVj#=b =  0.00843462.
However, at # ¼ bþ p
2
, V j#¼bþp2 ¼ 0:00164464. The ﬁrst equilibrium placement is locally and globally stable,
while, according to Eq. (20), the second placement is locally and globally unstable. No other solution exists in
this case. Some critical extracellular strains may be computed for various values of the pre-strains. In fact for
this stress ﬁber, for pre-strain displacement g0 = 0.02 the critical extracellular strain is ge = 0.103, for g0 = 0.04
the critical extracellular strain is ge = 0.083, for g0 = 0.08 the critical extracellular strain is ge = 0.103. Increas-
ing only the extracellular stretching to gb = 0.14, for g0 = 0.04, two other solutions exist generated by Eq. (24).
The solutions are deﬁned by the initial directions of the stress ﬁbers, # = b ± 0.7 in rad or # = b ± 40, 1. The
criterion Eq. (20) assures that the placements are locally stable. Furthermore, they yield the same value of the
total potential energy. Hence according to the global (Maxwell’s) criterion for stability these placements are
equally accepted and co-exist (see Fig. 5). It is pointed out that the directions # of the reoriented initial place-
ments are not the directions of the current placements denoted by ~#. For the deﬁnition of the current direc-
tions ~#, the total deformation gradient has to be computed. For the parameters of the problem and further for
the extracellular stretching direction b = 2 rad and # = 2  0.70 = 1.30 rad, the total deformation gradient,
Eq. (6), yields,
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ð27ÞThe deformed unit vector in the initial direction # = 1.30 rad is deﬁned by the non-unit vector ~g ¼ Fg, where g
is the unit vector along the direction #. It is found that~g ¼ ð0:231856; 1:10336Þ: ð28Þ
Hence tan ~# ¼ 1:10336
0:231856
¼ 1:36368 and ~# ¼ arctanð4:75896Þ ¼ 1:36368. Thus the initial ﬁber direction at
# = 1.30 rad or # = 74.48 deforms in the current ﬁber direction at ~# ¼ 1:36338 rad or ~# ¼ 78:13, see
Fig. 6. It is evident that a symmetric direction with respect to the extracellular stretching direction exists
for the initial and current placements of the stress ﬁbers. It turns out that the transverse to the extracellular
stretching direction is revealed as the limiting placement of the co-existent phases when the various parameters
of the pre-strain, extracellular stretch and non-convexity factor c2/c1 increase. Hence that limiting placement is
a global minimum. Therefore the stable solution is directed along the transverse to the direction of the extra-
cellular stretching. Fig. 9 presents all the possible equilibrium states of the stress ﬁbers.
6. Discussion
One evident question raises whether the non-convex strain energy density function assumption may be fea-
sible or not. Of course, one could ﬁgure out that given the peculiar ability of the stress-ﬁber to disassemble and
reassemble, the non-convexity of the stress-ﬁber might not seem strange. Nevertheless, the structure of the
stress-ﬁber, with its supports (focal adhesions), that has already been described in Section 2, suggests that with
slight sliding between the various components of the stress ﬁber, the introduced non-convex strain energy den-
sity may not be an imaginary ad hoc assumption but a realistic behavior.
It is evident that three main factors inﬂuence the proposed problem. These factors are the contractile strain
(pre-strain), the measure of the extracellular strain and the non-convexity parameter. Hence the evolution of
the ﬁbers reorientation, with the increasing value of the extracellular strain, is described, ﬁrst by the reorien-
tation towards the direction of the extracellular stretching; then increasing the value of the extracellular
stretching, the coexistence of two distinct reorientation directions is shown up; increasing further the value
of the extracellular strain the reorientation towards the transverse direction to the extracellular strain will pre-
vail, as a limiting co-existence of phases placement.
It is stated, as a ﬁnal conclusion, that high contractility (prestrain), extracellular strain and non-convexity
coeﬃcient (activation of Rho) as well, promote the reorientation towards the transverse direction to the extra-
cellular strain; on the contrary small contractility (pre-strain), extracellular strain and non-convexity coeﬃ-
cient (inhibition of Rho) as well, promote the reorientation towards the direction to the extracellular strain.
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